A dry laboratory environment has been developed to test Power Take-Off (PTO) systems for Wave Energy Converters. The costs accompanied by testing a wave energy converter and its PTO at sea are high due to the difficult accessibility of (remote) test locations. Next to easy accessibility, the lab setup provides 
Other linear test rigs were described in [10, 11] . For the Pelamis, a 48 scaled hydraulic PTO was introduced in [12] . A rotary shaft-to-shaft connected 49 setup was presented in [13] . In [14] tests were performed on a rotary setup for an 50 oscillating-water-column wave energy converter. This setup was reused to test 51 latching control on an oscillating-water-column device in [15] , and for testing 52 speed control strategies for an oil-hydraulic PTO in [16] .
53
In contrast to [9] , the present article describes a dry setup where the phys- For the setup presented in this article, a shaft-to-shaft assembly of two elec-66 trical machines is proposed, they can act both as generator and as motor and 
Mathematical models
When hydrodynamic and PTO forces interact with a floating buoy, its move-76 ment depends on the magnitude of these forces and the mass of the buoy and 77 rotary inertia of the PTO. To enhance the resemblance of the setup with reality, 78 not only the forces but also the mass and rotary inertia should be reproduced.
79
The rotary inertia of the PTO influences the motion of the floater as it con-80 tributes to the PTO force as an inertial force due to its acceleration. Especially 81 when the PTO drive train contains a gearbox, because the equivalent inertia at 82 the slow side of the gearbox is proportional to the square of the gear ratio.
83
To represent the floater and the PTO in the lab setup, the interaction be- working on it, F hyd and F PTO , as illustrated in Fig. 2 with R g the gearbox ratio, r the radius of the drum and T shaft the torque 101 on the machine shaft. Taking the rotor inertia of the machine into account, the 102 force can be expressed in relation to the electromagnetic torque T em as
with The resulting force of the water acting on the WEC is defined as the hydro-108 dynamic force F hyd . It can be described as the sum of the exciting wave force
109
F ex , the restoring force F res , and the radiation force F rad :
The model assumes a buoy in pure heave motion, in a single degree of free-111 dom. The following subsections describe the different terms of Equation (4). calculations per sea state (SS) for the given WEC using a JONSWAP spectrum.
118
Six sea states were generated at scale for significant wave heights from 0.25m 119 to 2.75m and mean periods of 3.6s to 6.2s at full scale. 
Hydrostatic restoring force

121
The hydrostatic restoring force includes the Archimedes force F arch and the 122 gravity force F g . It can also be expressed as the spring force in the mass-spring-
123
damper analogy for a WEC that is cylindrical around the waterline:
The spring constant k is therefore called the hydrostatic restoring coefficient
125
and is expressed as k = ρgA w , where A w is the waterline area, g the gravity 
140
where m a,∞ is the infinite frequency limit of the added mass, it is defined as the 142 factor by which the buoy's vertical acceleration has to be multiplied to obtain As the intended layout of the setup is a shaft-to-shaft connection of two 183 electrical machines, the wave emulator machine needs to provide the identical 184 torque to the shaft of the PTO machine as in a real wave energy converter.
185
Thus the floater and the sea need to have an equivalent representation at the 186 PTO machine shaft.
187
The floater in the water can be seen as an inertial mass with two forces acting of Equation (8), is proportional with the buoy acceleration and is therefore represented. F hyd,calc is thus defined as
Consequently the equation of motion can be written as The equivalent torque T hyd of the calculated hydrodynamic force is found 216 using the same relationship between the PTO force and the shaft torque as in 217 Equation (2):
The equivalent rotary inertia for the buoy mass and added mass can be 219 expressed as
considering that the masses can be seen as moving along the drum with radius 221 r and a gearbox with gear ratio R g between the drum and machine shaft. Note 222 that Equations (13) and (14) do not include any scaling, but only provide a The calculation of Equation (11) The dimensioning of the dump load is WEC-device specific and can be cal- emulator so that it can dump the peak generated resulting power.
266
By interconnecting the two drives on the DC-bus level, the consumed energy 
286
The Froude scaling factor µ is the ratio between a length measurement of 287 the full scale design L F and the model scale
The scale factors for other quantities according to Froude's Law can be found 289 in Table 1 . To dimension the setup, the relationships for torque and inertia are 290 necessary: Linear damping kg/s µ
2.5
Rotational speed rpm µ −0.5
Mass moment of inertia kg.m µ 5
The consequence of Froude scaling is that the rotational speed of the machine 292 in the scaled model is greater than in the full scale since
This is undesirable because the setup aimed at testing the PTO at equal nor-294 malized load conditions as at full scale. Fig. 7 
As the torque sequence is kept equal in both situations, the following expression 312 is valid:
and by inserting Equation (19) in Equation (20), the speed-compensated 314 inertia is found:
The compensated inertia should thus be √ µ times larger than the Froude 316 scaled value so that the normalized load curve of the setup corresponds with 317 the normalized load curve of the full scale. This can be implemented by adding 318 a flywheel to the inertia of the machine rotor to reach the compensated value,
319
for both PTO machine and wave emulator machine. can then be expressed as:
where n comp is the actual rotational speed in rpm of the compensated setup,
329
R g the gear ratio and r mod the radius of the drum in the scale model. Note that 330 the gearbox ratio is not affected in the scaling. 
Consequences of the compensation towards interpreting the results
332
Another implication is that the actual power P comp of the PTO machine no scale model is to be evaluated, it can be found as follows: scaled inertia for the model PTO:
To find the required value for a setup running at equal speed as the full 363 scale, the compensation of Equation (21) needs to be added:
The resulting inertia value J compPTO can be realised by adding a flywheel on 
Wave Emulator torque
368
In most of the WEC designs the hydrodynamic forces exceed the maximum 369 available PTO force at many instances, consequently the installed power of the 370 emulator machine needs to be higher than the PTO machine.
371
The hydrodynamic force is reproduced by the electromechanical torque of the emulator machine. To appoint the required emulator machine, computer simu- translated to the torque of the emulator machine using Equation (13) hydrodynamic forces or higher speeds, it is advised to take sufficient margin 387 during the sizing.
388
As the movement in our case is intermittent, good engineering practice allows 389 to use a machine up to the maximum allowed torque of the machine specifica- 
398
In Fig. 8 the selected working region of 200% of rated torque and speed for 399 three different machine sizes (18.5kW, 22kW and 30kW) have been fitted above 400 the load plots of the three most demanding sea states.
401
To provide ample margin in higher loads and increase experimental potential 
414
In order to do so, the sum of the floater's mass and added mass must be Normally, the PTO force in the simulation is calculated following the control 441 method of [3] and is thus proportional to the actual speed and acceleration. To 
446
The time series of the wave exciting force for the simulation is equal as in the 447 setup to use as a simulation input. Using this method, the virtual WEC in the 448 simulation experiences the same forces as in the setup.
449
The analysis is done with the actual rotational speed of the setup, meaning small and a more precise value could not be determined experimentally.
478
The convergence in the correlation can be seen in the histograms of the 479 relative error from Equation (29) in Fig. 10 . 
Conclusions
481
In this paper, a wave emulator PTO test setup is presented. A lab setup 482 should be a tool for performing dynamic response tests and long duration tests 483 for a power take-off system as if it was in a wave energy converter at sea.
484
The presented setup succeeds in providing an environment with equal nor- 
